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Abstract 
The extended UNIQUAC model as proposed by Thomsen and Rasmussen [K. Thomsen, P. Rasmussen, Chem. Eng. Sci. 54 
(1999) 1787-1802] was applied to the thermodynamic representation of carbon dioxide absorption in aqueous monoethanolamine 
(MEA) and methyldiethanolamine (MDEA) solutions.  
All the essential parameters of the model are simultaneously regressed to a set of data on the MEA and MDEA systems.  
Freezing point depression, vapor liquid equilibrium (VLE) and excess enthalpy (HE) data of the binary systems of MEA-water 
and MDEA-water, VLE data on the ternary CO2-MEA-water as well as CO2-MDEA-water systems in a wide range of 
temperature (-20-200°C) were used.  
The application of the model to a large number of experimental data for representation of total pressure over the absorbent 
solutions (25-200°C), correlation of the excess enthalpy and freezing point depression of the binary solutions of alkanolamine 
and water and also calculation of pure alkanolamine vapor pressure has been performed with good precision. 
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1. Introduction 
The reversible process of chemical absorption into aqueous alkanolamine solutions is an established method for 
separation of acid gases from gaseous streams. This process is considered as a potential perspective for post-
combustion capture of CO2 from fossil fuelled power plants. Accurate thermodynamic modeling of carbon dioxide 
solubility in alkanolamine solutions is of vital importance for the design of the absorption units. Precision of the 
thermodynamic properties can pledge that the driving forces for mass transfer can be well defined. 
Developing a correlation based on the existing data is one of the approaches for the thermodynamic modelling of 
the absorption process. Empirical expressions could be very precise and simple, yet they typically fail when being 
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extrapolated to conditions other than what they are based on.  Examples are the very simple correlations presented 
by Gabrielsen et al. [1] for the calculation of the partial pressure and enthalpy of absorption of CO2 in MEA, 
diethanolamine (DEA) and MDEA.  
Application of equations of state which are based on excess Helmholtz energy is an alternative choice. An 
equation of state can be easily extended to predict the solubility of more than a single gas in the solution; it also can 
be used to calculate the properties such as density of both liquid and vapour phases. However, the performance of an 
equation of state to a great extent depends on the mixing rules chosen and an inappropriate choice can lead to 
erroneous results. Solbaa [2] has used Fürst and Renon [3] equation of state and also the Cubic Plus Association 
(CPA) equation to represent CO2 solubility in aqueous MDEA.  
Using the electrolyte activity coefficient models is the most common approach. Posey and Rochelle [4] applied 
the electrolyte NRTL (e-NRTL) model to the CO2 solubility in MDEA solutions.  
The purpose of the present work is to apply the extended UNIQUAC model as proposed by Thomsen and 
Rasmussen [5] to estimate the essential thermodynamic properties of the alkanolamine systems required for the 
design of CO2 capture plants. Besides, it is tried to demonstrate the capability of the model to precisely represent 
different types of thermodynamic properties in a quite broad range of conditions using only one unique set of 
parameters. 
 
2. Chemical and physical equilibria 
2.1. Speciation equilibria 
 
CO2 reacts with alkanolamines in aqueous solutions. The assumed chemical equilibrium reactions in this work 
are 
 
Aqueous CO2 system:  
2 ( )H O l H OH+ −↔ +                                                                                       (1) 
2 2 3( ) ( )CO aq H O l H HCO+ −+ ↔ +                                                          (2)               
2
3 3HCO H CO
− + −↔ +                                                            (3)                 
 
MEA system:  
2 3 2( ) ( )RNHCOO H O l HCO RNH aq− −+ ↔ +                                                                                    (4)                 
3 2 ( )RNH H RNH aq+ +↔ +                                                                                                    (5)                
(R: -CH2CH2OH) 
 
MDEA system: 
( )MDEAH H MDEA aq+ +↔ +                                              (6)                 
 
The speciation equilibria can be expressed as 
0
,
lnj i j i
i
G
a
RT
ν
Δ
− =¦                                                   (7)                 
 
ǻG0 is the variation in the standard state chemical potential caused by the reaction j at the certain temperature 
T(K). ai is the activity of component i and Ȟi,j is the stochiometry of component i involved in reaction j.  
 
2.2. Phase equilibria 
 
For the volatile compounds, the vapor-liquid equilibria can be written as  
2 2( ) ( )CO g CO aq↔                                  (8)                
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( ) ( )MEA g MEA aq↔                                 (9)                
( ) ( )MDEA g MDEA aq↔                               (10)                
2 2( ) ( )H O g H O l↔                                (11)                
 
Each of the equilibrium equations 8-11 can be expressed as 
0
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y PG
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Δ
− =                                               (12)    
                                            
where ǻG0 is the chemical potential change due to the transfer of one mole of component i from the liquid to the 
vapor phase. Ȗi is the activity coefficient of the component i based on the symmetrical approach for water and 
asymmetrical for the solute species including alkanolamine. P0 is the standard state pressure of one bar. yi and ĳi 
are the vapor phase mole fraction and the fugacity coefficient of  i and P is the total pressure.  
Equations (1)-(6) should be written in the form of equation (7) and equations (8)-(11) should be expressed in 
the form of equation (12). In order to calculate the equilibrium composition of the system, equations (1)-(6) and 
(8)-(11) have to be solved simultaneously.  
The bubble point pressure of an electrolyte solution can be found by simultaneously solving equations in the 
form of equation (12) for all the volatile species.  
In this work, the extended UNIQUAC model is also used for the correlation of the pure alkanolamine vapor 
pressure.  
The experimental freezing point depression data available are within the temperature range where the only 
solid phase formed is ice. Therefore, the condition of solid-liquid equilibria reduces to 
 
0
ln w
i
G
a
RT
Δ
− =¦                                                                                                   (13)                
 
where aw is the activity coefficient of water and ǻG0 is the change in chemical potential of liquid water by 
shifting to ice.  
 
3. Model 
The extended UNIQUAC model as presented by Thomsen and Rasmussen [5] is used for the thermodynamic 
calculations of this work.  
The only parameters of the model are the volume and surface area parameters of the UNIQUAC equation 
entropic term and the interaction parameters of the UNIQUAC enthalpic term. 
The adjustable interaction parameters of the UNIQUAC enthalpic term (uji) are assumed to be temperature 
dependent and are fitted to the following function of temperature: 
0 ( 298.15)Tji ji jiu u u T= + −                                            (14) 
                                                                    
The required standard state properties for most of the species present in the solutions studied in this work are 
obtained from NIST tables [6]. The standard state chemical potentials from NIST tables are mainly reported for 
25ºC. At temperatures other than 25ºC, they are calculated using the Gibbs-Helmholtz equation and the enthalpy 
and heat capacity data from NIST tables. For those species that the standard state properties couldn’t be found in 
the standard tables or elsewhere in the open literature, they are determined by adjusting them to experimental 
data.  
The Gibbs-Helmholtz equation is used for calculation of the excess enthalpy of alkanolamine-water solutions.   
The equation defines the temperature dependence of the excess Gibbs energy and therefore also of the activity 
coefficients. 
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To estimate the model parameters, a least square minimization is performed. In this work, the volume and surface 
area parameters, r and q respectively, for MEA, MEAH+, MEA carbamate, MDEA and MDEAH+ are determined by 
fitting to experimental data.  
The binary interaction parameters that are chosen to be adjusted are regressed to all types of experimental data in 
order to get a well-rounded model.  
 
4. Results and discussions 
Initially 462 data points on the ternary VLE of the CO2-MEA-water system were included in the database. After 
screening the data, those points which proved to be inconsistent were excluded. Table 1 briefly summarizes the 
range of the conditions of the data used for the CO2-MEA-water system.   
 
Table 1.  Experimental data on the CO2-MEA-water system used for modeling. 
 
No. data-points used Loading (mole CO2 / mole MEA) Temperature range (°C) 
378 0.03-2.15 25-140 °C 
 
Figure 1 shows overall results of the correlation of the total pressure of the CO2-MEA-water system. The average 
deviation of the correlation is only 7.2%.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. All the calculated total pressures point versus all the experimental data for CO2-MEA-water system. 
 
The model results for the total pressure of aqueous CO2-MEA system at 25ºC are compared to experimental data 
in Figure 2.  The MEA strength varies between 1.04molal to over 7 molal. At different alkanolamine concentrations 
from very dilute to highly concentrated, the experimental data are represented very accurately by the model.  
The VLE and freezing point depression data of the binary system of MEA-water are also used in the parameter 
estimation process. Inclusion of the VLE of aqueous alkanolamine solutions can help with better definition of the 
binary interaction parameters of the model and also is vital for calculation of loss of alkanolamine due to 
vaporization. The model can also benefit from being regressed to freezing point depression data. In the low loading 
ranges the pressure data of the ternary aqueous CO2-alkanolamine systems cannot be measured very accurately. In 
such regions, the composition of the ternary system very much resembles that of the binary alkanolamine-water 
solution for which the freezing point depression data can be measured very accurately. Therefore, the model can 
benefit from being regressed to this type of data although they are usually in the temperature ranges far away from 
that of the absorption process. Figures 3 and 4 show the results of the correlation of the VLE and freezing point 
depression of the MEA-water solution. For both types of data the model has represented the experimental data quite 
well.  
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Figure 2. Comparison of the model results (lines) and                        Figure 3. The calculated (lines) and experimental data for the 
experimental data for the total pressure of CO2-MEA-water               MEA-water system. 
system at 25ºC.                                                                               
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Figure 4. Comparison of the calculated (line) and experimental freezing point depressions for the MEA-water system.  
 
For the MDEA system, a relatively large number of data on the ternary system of CO2-MDEA-water is used for 
modelling. These data cover an extended range of loading and temperature. A brief overview of these data is 
presented in Table 2.  
Figure 5 shows the total pressure of the aqueous CO2-MDEA solution at temperatures varying between 50ºC to 
200ºC.  The data shown in Figure 5, represent the fixed MDEA concentration of 8.4 molal. This was the highest 
strength of alkanolamine available in our database for which relatively smaller number of data were available. Yet, a 
good agreement between experimental data and model calculations is obtained.  
Figure 6 shows the results of the excess enthalpy calculations for aqueous MDEA system at 25, 40, 65 and 
69.3ºC. The quality of the representation is satisfactory considering the large scatter between the data from different 
datasets at the same exact conditions. 
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Table 2.  Experimental data on the CO2-MDEA-water system used for modeling. 
 
No. data-points used Loading (mole CO2 / mole MDEA) Temperature range (°C) 
714 0.005-1.83 25-200°C 
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Figure 5. Comparison of the model results (lines) and experimental data for the total pressure of CO2-MDEA-water system at 
8.4 molal MDEA concentration.  
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Figure 6. Comparison of the calculated (lines) and the experimental excess enthalpies of the MDEA-water system. 
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6. Conclusions 
In this work, the extended UNIQUAC model is successfully used for the thermodynamic representation of the 
aqueous MEA, aqueous MDEA, CO2-MEA-water and CO2-MDEA-water systems. 
Even over a wide range of total pressure, temperature and CO2 concentration in the aqueous phase, the model’s 
performance is quite satisfactory for the calculation of the VLE of MEA and MDEA systems.  
Freezing point depression for the aqueous alkanolamine systems is also calculated very precisely by the model.  
There is limited number of data available on the excess enthalpy of the MEA-water and MDEA-water systems. 
The existing data are scattered and do not represent a broad range of temperature. Considering the quality of this 
type of data, the model has described them reasonably well.  
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